Background: No data on once-daily dosing of nucleoside analogues in African children currently exist. We compared the pharmacokinetics (PK) of once-versus twicedaily lamivudine and abacavir treatment using the World Health Organization recommended weight band dosing of scored adult tablets. Methods: HIV type-1 (HIV-1)-infected Ugandan children aged 3-12 years receiving antiretroviral therapy that included lamivudine and abacavir twice daily (total 150+300 mg, 225+450 mg and 225/300+600 mg daily for 12-<20, 20-<25 and ≥25 kg, respectively) were enrolled in a crossover study. Plasma PK sampling (at 0, 1, 2, 4, 6, 8 and 12 h after observed morning intake) was performed for the twice-daily regimen at steadystate. Children were then switched to once-daily treatment with PK sampling repeated 4 weeks later (with an additional 24 h sample). Acceptability questionnaires were completed at both time points. Daily area under the curve (AUC 0-24 ) and maximum concentrations (C max ) were compared by geometric mean ratios (GMRs).
Introduction
limited settings, especially for children who face lifelong treatment.
Lamivudine and abacavir are nucleoside reverse transcriptase inhibitors (NRTIs) that are commonly used in first-line therapy. Their active triphosphorylated moieties have a longer intracellular half-life than their non-phosphorylated forms in plasma [7] [8] [9] . In adults, lamivudine and abacavir are licensed for once-daily use because they are non-inferior compared with twice daily administration in both treatment-naive [10] and treatment-experienced patients [11, 12] . Once-daily dosing has been shown to improve electronically monitored adherence in adults taking lamivudine and abacavir [13] , and is the preferred treatment modality. However, neither lamivudine nor abacavir are yet licensed for once-daily administration in children and there have been no large randomized controlled trials with virological (or other) end points. Two European studies have evaluated the pharmacokinetics (PK) of once-and twice-daily lamivudine and abacavir in children. In 2-13 year olds, PENTA 13 [14] demonstrated that once-daily abacavir and lamivudine were non-inferior in terms of PK profiles compared with twice-daily dosing (19 and 14 children with evaluable PK on lamivudine and abacavir, respectively, most using syrups). In younger children aged 3-36 months, PENTA 15 [15] demonstrated bioequivalence of daily area under the concentrationtime curve (AUC 0-24 ) for twice-and once-daily dosing of abacavir, and very similar AUC 0-24 on twice-and once-daily lamivudine (17 and 18 children with evaluable PK on lamivudine and abacavir respectively, all using syrups). Although numbers were small, no difference in safety and antiviral activity was observed between children on once-daily and twice-daily dosing. Furthermore, the majority of caregivers believed that administration was much easier when the drugs were given once daily [16] .
Low regimen complexity (including once-daily dosing) and low pill burden have consistently been identified as important factors for maintaining high levels of adherence [17] . Most HIV-infected children on ART currently live in resource-limited settings and receive ART as syrups or as whole or divided tablets following the World Health Organization (WHO) guidelines [18] : these children frequently move between different caregivers, and flexibility and simplicity of dosing is crucial in maximizing adherence. The PK and feasibility of once-daily ART has not been evaluated in resource-limited settings, in part because to date the most common first-line regimen to be used in children includes nevirapine and/or stavudine/ zidovudine, all of which are dosed twice daily. The only antiretrovirals currently licensed for once-daily administration in children are didanosine, efavirenz and atazanavir; tenofovir disoproxil fumarate is currently not yet licensed for children anywhere in the world. Lamivudine and abacavir are both particularly attractive choices for first-line therapy in children, and are one of the recommended dual NRTI backbones in the current WHO paediatric ART guidelines [18] . Both drugs have solid scored formulations of the formerly unscored adult tablets, enabling specific paediatric dosing and easy administration (tablets can be crushed into food or liquid if necessary) to children weighing >12 kg using weight-band-based dosing derived from the body surface area as recommended by the WHO.
In this study, we compared the plasma PK of onceversus twice-daily lamivudine and abacavir in HIV type-1 (HIV-1)-infected children in Uganda, who were dosed according to the WHO recommended weight bands, to produce the first PK study of lamivudine and abacavir scored tablets in children. This was a substudy of the ARROW Trial, an ongoing randomized trial of monitoring practice and first-line inductionmaintenance ART strategies in 1,207 ART-naive HIV-1 -infected children in Uganda and Zimbabwe.
Methods
This was a two-period, non-randomized crossover, open-label study conducted in two centres in Uganda (Joint Clinical Research Centre, Kampala, Uganda and the Paediatric Infectious Disease Clinic, Mulago Hospital, Kampala, Uganda). HIV-1-infected children aged 3-12 years who had been on combination ART including lamivudine and abacavir (both twice daily) and efavirenz once daily for 36 weeks, who were not suffering from illnesses that could influence the PK of these drugs (for example, severe diarrhoea and/or vomiting) and who were not expected to change weight band in the next 4 weeks were eligible for enrolment. Children should not have missed any antiretroviral drugs in the 3 days prior to the PK sampling. All caregivers (and children, where appropriate according to age and knowledge of HIV status) gave written informed consent. The protocol was approved by the ethics committee for each participating centre and in the UK.
Medication
Doses were given using the WHO dosing chart, which is based on weight bands (Table 1) . At the first PK day, some children were also taking zidovudine as part of a randomized four-drug induction-maintenance strategy in the ARROW Trial. Zidovudine was stopped immediately after the first PK day (36 weeks after ART initiation), with children remaining on two NRTIs (lamivudine and abacavir) and a non-nucleoside reverse transcriptase inhibitor (efavirenz). Children in the ≥25 kg weight band who had stopped zidovudine were not included in the primary lamivudine PK analyses because their lamivudine dose had changed according to the WHO weight bands, which have different total lamivudine doses if lamivudine is taken alone (150 mg twice daily) or as the fixed-dose combination Combivir (150 mg AM and 75 mg PM) in order to dose zidovudine appropriately.
PK sampling
PK profiles were obtained on two occasions from each child, at 36 weeks post-ART initiation on twice-daily regimens, after which children immediately switched to once-daily dosing, and at 40 weeks after receiving a oncedaily regimen for 4 weeks. On the once-daily regimen, all study medication was taken in the morning (enrolled children had switched to morning efavirenz 32 weeks after ART initiation). Children and caregivers completed acceptability questionnaires on both PK days. Questionnaires were designed to solicit identical potential issues (timing/taste of, counting out, swallowing, vomiting and remembering tablets as well as taking the whole dose or doses being conspicuous) with both twice-and once-daily dosing in addition to how easy or hard they thought switching from twice-to once-daily would be, and which schedule they thought would be easiest and which they would prefer. Before switching from twiceto once-daily dosing, caregivers were asked what they anticipated once-daily would be like -after switching, they were asked what their actual experience was.
Children were admitted to the PK unit either the evening before or on the morning of the PK day. Children fasted for at least 3 h in the morning before the first blood sample, which was usually taken between 6 AM and 7 AM, and then the study nurse immediately observed ingestion of the morning dose of all antiretrovirals (NRTIs plus efavirenz; time 0). Serial 1.5 ml blood samples were then drawn at 1, 2, 4, 6, 8 and 12 h after intake. An additional blood sample was taken at 24 h from children on the once-daily dosing. Children were ambulatory during the day, but restricted to the PK unit. Caregivers could stay with their children throughout. Breakfast (non-standardized, but mostly milk or milky tea with samosas, bread or chapati) was provided at 2 h after the morning dose, following the 2 h blood sample. Children on twice-daily dosing received their evening dose after the 12 h blood sample. Children on the once-daily regimen received the following day's dose after the 24 h blood sample.
Plasma concentrations of lamivudine and abacavir were determined using validated mass spectrometry and HPLC by GlaxoSmithKline (Research Triangle Park, NC, USA). The lower limit of quantification for lamivudine, abacavir and zidovudine was 2.5 ng/ml. Any child without a full set of PK measurements on both PK days was replaced by another child in the same age strata.
PK parameters of lamivudine and abacavir
The maximum concentration (C max ) and the trough level (C min ) were calculated for each child from their twice-and once-daily plasma PK curves. The AUC for 0-12 h (AUC 0-12 ) and 0-24 h (AUC 0-24 ) were calculated using the trapezoidal rule. The apparent oral clearance normalized to body weight (CL/F/kg) was calculated by non-compartment methods using WinNonlin (version 5.2; Pharsight, Mountain View, CA, USA).
For all children other than those in the 20-<25 kg weight band, the AUC 0-24 for twice-daily dosing was calculated by multiplying the AUC 0-12 by 2. Children in the 20-<25 kg weight band received unequal twicedaily doses of lamivudine (150 mg plus 75 mg) and abacavir (300 mg plus 150 mg; Table 1 ); therefore, the twice-daily AUC 0-12 was multiplied by 1.5 to estimate the AUC 0-24 (assuming that the PK was doseproportional and that there was no diurnal variation). In a secondary analysis of lamivudine PK parameters including children on Combivir in the ≥25 kg weight band who had changed lamivudine dose between PK days, lamivudine AUC 0-24 for twice-daily dosing in the ≥25 kg weight band was similarly calculated by multiplying the twice-daily AUC 0-12 by 1.5.
Statistical analyses
Participant characteristics at the first PK day were summarized using medians and interquartile ranges (IQRs). Weight and height for age were calculated using UK reference ranges [19] (the WHO 2006 reference ranges were not used because they only go to 10 years of age and do not cover the whole age range of enrolled children in this study). For PK parameters, geometric means, geometric mean ratios (GMRs) for once-versus twice-daily dosing and corresponding 90% confidence intervals (CIs) for AUC 0-24 , C max and CL/F/kg were calculated. The GMR for the AUC 0-24 and CL/F/kg were considered bioequivalent if the CI fell between 0.80 and 1.25. Once-and twice-daily AUC 0-24 , C max and CL/F/kg were compared between 3-6 and 7-12 year olds using unpaired Student's t-tests on log transforms. PK analyses included only those children with evaluable PK curves; acceptability and safety analyses included all children enrolled in the PK substudy. All analyses were performed in STATA version 10.1 (StataCorp, College Station, TX, USA).
Results
A total of 41 HIV-1-infected children had two PK profiles: n=23, n=14 and n=4 in the 12-<20, 20-<25 and ≥25 kg WHO weight bands, respectively (Table 1) . There were seven children who were excluded from all or part of the PK analyses. Two were excluded from all PK analyses because they had increased weight band and therefore increased dose of all drugs between the two PK days; two in the ≥25 kg weight band were excluded from the primary lamivudine analyses because of a dose increase between PK days as a consequence of moving from Combivir to lamivudine when stopping zidovudine as part of the induction-maintenance randomization within the ARROW Trial; and a further two and three were excluded from the lamivudine and abacavir analyses, respectively, because of implausible PK time concentrations (for example, possible labelling errors).
The overall and per drug group baseline patient characteristics of the 37 children included in any analyses are shown in Table 2 . The youngest child enrolled was 3.6 years old and the oldest was 12.5 years old. Of the 37 children, 20 were taking zidovudine at enrolment to the PK substudy (as part of the ARROW Trial) and stopped this immediately following the first PK day. Most children were taking multivitamins and cotrimoxazole, but a few other concomitant medications were taken (four children were taking isoniazid plus ethambutol plus pyridoxine maintenance anti-tuberculosis therapy, two were taking azithryomicin and one was taking albendazole, amoxycillin/clavullanic acid, cetirizine, griseofulvin and salbutamol). No child was known to have been taking traditional herbal medicines.
Lamivudine
The PK profiles of lamivudine evaluated in 35 children are presented in Table 3 , compared with historical data from 19 children aged 2-13 years in the European PENTA 13 Study [14] . In the ARROW Trial PK study median (IQR; range) total daily doses of lamivudine were 9.4 mg/kg (8.8-10.5; 7.5-11.5) on the twice-daily regimen and 9.6 mg/kg (8.8-10.2; 7.3-11.1) on the once-daily regimen, compared with the recommended total daily dose of 8 mg/kg and median 8.2 mg/kg on both twice-and once-daily dosing in PENTA 13 [14] .
AUC 0-24 for once-and twice-daily lamivudine dosing were bioequivalent (GMR 1.09 [90% CI 0.98-1.20]) with the 90% CI of the GMR falling within 0.80 and 1.25, as defined by the US Food and Drug Administration (FDA). The lamivudine C max was higher (76%) on oncedaily compared with twice-daily dosing ( Figure 1A ) and CL/F/kg values were similar. Lamivudine C max occurred at 1 and 2 h after observed intake on twice-daily regimens in 14 and 19 children, respectively, compared with 11 and 20, respectively, on once-daily regimens. Estimated GMRs were very similar to those reported in the previous European PENTA 13 Study [14] . However, interestingly, although lamivudine doses received were 17% higher, children in our ARROW Trial PK study had lamivudine AUC 0-24 and C max values that were 33% and 52% higher, respectively, on once-daily dosing compared with those observed in PENTA 13, whereas CL/F/kg values were 10% lower in the ARROW Trial PK study (a similar observation was made for twice-daily dosing; Table 3 ). PK parameters in the ARROW Trial PK study were also generally more similar to those previously observed in adults (for example, ARROW Trial PK study AUC 0-24 values on twice-daily dosing were only 8% higher than a recent study in Ugandan adults [20] , 12% lower than a study in adolescents and young adults [21] ; however, findings from two other adult twice-to once-daily studies have been more variable, with results 30% higher [22] and 30% lower [8] than our study). Of note, 14 of 19 children in PENTA 13 were taking lamivudine syrup, dosed at 8 mg/kg daily, whereas all ARROW Trial children were taking scored adult tablets, with a 15-17% higher average dose (32/35 and 29/35 on twice-and once-daily, respectively, achieving ≥8 mg/kg).
In the ARROW Trial PK study, there were no statistically significant or important differences in PK parameters between 3-6 and 7-12 year olds on either twice-or once-daily regimens (Table 4) . Inclusion in the analysis of the two children who had received an increased lamivudine dose between PK days (according to the WHO guidelines because they had changed from Combivir to lamivudine tablets) did not change the results, with lamivudine AUC 0-24 for twice-and once-daily dosing remaining bioequivalent (GMR 1.12 [90% CI 1.01-1.24]).
Abacavir
Abacavir PK profiles on 36 children are presented in Table 5 and are compared with historical data from 14 children in the European PENTA 13 Study [14] . In the ARROW Trial PK study, median (IQR; range) total daily doses of abacavir were 19.6 mg/kg (17.8-20.9; 15.4-23.1) on the twice-daily regimen and 19.1 mg/ kg (17.6-20.5; 14.6-23.1) on the once-daily regimen, compared with the recommended total daily dose of 16 mg/kg, median 16.2 mg/kg on the twice-daily regimen and 16.4 mg/kg on the once-daily regimen in PENTA 13 [14] . AUC 0-24 and CL/F/kg values for once-and twicedaily abacavir dosing were also bioequivalent (GMR 0.98 [90% CI 0.89-1.08]), with the 90% CI of the GMR falling within 0.80 and 1.25. The abacavir C max was higher (64%) on once-daily compared with twicedaily dosing ( Figure 1B) , whereas CL/F/kg values were similar. There was more variability in the plasma levels observed at 1 h after observed intake on once-daily compared with twice-daily regimens, and hence wider Table 5 . PK parameters of abacavir for both twice-and once-daily dosing a Median (range). AUC 0-24 , daily area under the curve; CI, confidence interval; CL/F/kg, apparent oral clearance normalized to body weight; C max , maximum concentration; C min , minimum concentration; GM, geometric mean; GMR, geometric mean ratio; NA, not applicable; PK, pharmacokinetic. 95% CIs. A total of 28 children had their abacavir C max at 1 h after observed intake on twice-and oncedaily regimens. Like lamivudine, estimated GMRs for abacavir were very similar to the previous PENTA 13 Study [14] . Once-daily abacavir doses received were 16% higher, and children in our ARROW Trial PK study had abacavir AUC 0-24 and C max that were 14% and 42% higher, respectively, on once-daily dosing compared with those observed in PENTA 13; clearance was 7% higher in our ARROW Trial PK study (with slightly larger differences for twice-daily dosing; Table 5 ). PK parameters in both the ARROW Trial PK study and PENTA 13 were higher than those previously observed in adults (for example, the ARROW Trial PK study and PENTA AUC 0-24 values on oncedaily dosing were 79% and 57% higher, respectively, than those in an adult once-or twice-daily PK study [23] ). A total of 13 out of 14 children in PENTA 13 were taking abacavir syrup, dosed at 16 mg/kg daily, whereas all ARROW Trial PK study children were taking scored adult tablets, with a 16-21% higher average dose (34/36 and 31/36 on twice-and oncedaily, respectively, achieving ≥16 mg/kg).
ARROW
In the ARROW Trial PK study, there were no statistically significant or important differences in abacavir PK parameters between 3-6 and 7-12 year olds at either twice-or once-daily dosing (Table 6 ).
Acceptability
All 41 caregivers and children completed the acceptability questionnaires administered just before and at 4 weeks after switching from a twice-to once-daily dosing schedule. Before switching to once-daily dosing, in response to a question about how dosing frequency might affect their lives, 37/41 (90%) caregivers thought switching to once-daily lamivudine and abacavir would be a lot easier for them and 28 (68%) thought it would be a lot easier for their child; these numbers were 39/41 (95%) and 36 (88%), with increases of 5% and 20%, respectively, after switching to once-daily.
After switching, 30 (73%) children and 40 (98%) caregivers stated that once-daily was their preferred dosing schedule; 10 (24%) children indicated no preference (once child with missing preference) and one caregiver preferred twice-daily dosing. All the children with no preference (or preference missing) were under 8 years old and 6 were under 5 years of age: comments from 4/6 caregivers indicated the children were too young to decide on a preference. Before switching, 18 (44%) caregivers reported at least one problem with twice-daily dosing compared with only 5 (12%) reporting problems with once-daily dosing after 4 weeks. Problems with the timing of tablet administration were substantially reduced after switching to once-daily regimens (reported by 11 caregivers twice-daily versus 0 once-daily), as were problems with conspicuousness of dose-taking (6 twice-daily versus 3 once-daily), the taste of tablets (5 twice-daily versus 1 once-daily), vomiting doses (5 twice-daily versus 1 once-daily), swallowing tablets (5 twice-daily versus 0 once-daily) and remembering to give the dose (3 twice-daily versus 0 once-daily). In contrast to previous reports from Europe [16] , where one-half preferred morning and one-half preferred evening dosing, 34 (83%) Ugandan caregivers preferred once-daily dosing in the morning because this fitted in better with their daily routines, provided greater flexibility in their day and reduced anxiety about being back in time to give the evening dose. By contrast, 7 (17%) caregivers preferred evening dosing so that side effects occurred during sleep rather than at school. Therefore, for children and their caregivers, once-daily dosing of lamivudine and abacavir was both highly acceptable and preferred over twicedaily dosing.
Up to 30 November 2009, all 41 enrolled children remained in active follow-up: only 1 child returned to twice-daily dosing after 8 weeks on once-daily dosing at the request of her father who felt more comfortable with twice-daily dosing. However, the family would now prefer to return to once-daily dosing for convenience. Of the 41 enrolled children, 4 changed to evening once-daily dosing at the end of the PK study (3 of the 7 who said that they would prefer evening dosing plus one other child). + T-cell counts and CD4% continued to increase strongly after switching to once-daily dosing, as expected because switch to once-daily dosing occurred only 36 weeks after ART initiation. Mean (±se) CD4 + T-cell count increases were 261 cells/mm 3 (±65; n=36) and 225 cells/mm 3 (±74; n=38), and CD4% increases were 4.9% (±0.9) and 7.7% (±1.7) after 24 and 48 weeks on once-daily dosing, respectively (P<0.01).
Safety and efficacy

Discussion
In this first PK study of scored adult tablets of lamivudine, abacavir and Combivir for paediatric ART dosing, we have demonstrated that the AUC 0-24 values of both lamivudine and abacavir are bioequivalent on once-daily and twice-daily dosing in Ugandan children aged 3-12 years. This is consistent with findings among children aged 3-36 months in the European PENTA 15 Study [15] and is similar to the results from children aged 2-13 years in the PENTA 13 Study [14] , where AUC 0-24 values were, if anything, slightly higher on once-daily dosing. Although these studies were conducted in Europe, most children were from various countries in Africa. As expected, the C max of both lamivudine and abacavir were higher with oncedaily dosing, but no attributable Grade 3 or 4 adverse events were observed after switching and no child discontinued ART because of adverse events. The only other published paediatric study of a once-daily regimen containing abacavir/lamivudine/efavirenz together with didanosine also found once-daily lamivudine and abacavir to be a safe and effective option in children [24] . Viral loads were not performed in real-time in the ARROW Trial; however, samples are stored and investigation of viral suppression over the long-term in these children is planned. Although this study did not measure intracellular levels of lamivudine and abacavir because of the large volumes of blood required, our results in plasma are likely to generalize as studies in adults have shown that once-and twice-daily regimens lead to similar levels of the active intracellular anabolites [23] .
Overall drug levels for both lamivudine and abacavir were slightly higher in the ARROW Trial PK study compared with PENTA 13 [14] , which is consistent with the 16-21% higher average doses provided by the scored tablets used in the ARROW Trial as a consequence of the WHO recommended doses targeting the minimum rather than the average exposure in a weight band to licensed mg/kg or mg/m 2 doses. This is a key feature of weight-band-based tablet dosing compared with syrups, as failure to increase doses of syrups as children grow is a major source of antiretroviral underdosing errors in children [25] . For abacavir, dose differences appeared to almost completely account for differences in exposure; for lamivudine, dose differences appeared to explain much of the difference, but there was still an approximate 10% difference in exposure even after dose differences were taken into account. This could be the result of a lower bioavailability of the syrup in children.
In the PENTA 13 Study, lamivudine C max and AUC 0-24 values were lower in 10 children aged 2-6 years compared with 9 children aged >6-13 years [14] for both once-and twice-daily dosing despite similar mg/kg dosing. These findings were supported by a further meta-analysis including data from an additional 32 children [26] . In this ARROW Trial PK study, plasma concentrations of lamivudine for children aged 3-6 years and 7-12 years were equivalent, and AUC 0-24 and C max values were more similar to those seen in >6-13 year olds in PENTA 13. One explanation for the lower plasma drug levels in younger but not older children in PENTA 13 might be because many younger children in PENTA 13 and the metaanalysis were taking syrups, whereas all children in this ARROW PK substudy were taking tablets. Previous observations indicate that there is a tendency for syrups to be less bioavailable than solid formulations, particularly in children. For example, the mean ±sd oral bioavailability of a lamivudine solution was 67.9 ±28.1% in 53 HIV-infected children aged 6 months to 17 years receiving doses ranging from 0.5 to 10 mg/ kg [27] , compared with 80-85% in adult patients. In a further crossover PK substudy within the ARROW Trial, plasma levels of both lamivudine and abacavir will be measured when children weighing 12-15 kg switch from syrups to scored tablets in order to investigate this further.
Once-daily dosing was highly acceptable to the children and their caregivers, and was strongly preferred over twice-daily dosing. The majority of Ugandan caregivers preferred once-daily dosing in the morning because this allowed them to give the day's dose before they went for their daily activities, permitting flexibility on the timing of returning home without worrying about an evening dose. Of note, all the ARROW Trial PK study children were taking efavirenz, which is taken once-daily, such that the entire regimen taken by these children was once daily. In the PENTA 13 Study, where some children still took other drugs twice daily, the caregivers preferred once-daily dosing only if all the drugs in the regimen were taken once daily [16] . Interestingly, in PENTA 13 caregivers preferred to take once-daily regimens in the evening.
Our findings demonstrate that once-daily dosing of lamivudine and abacavir as whole or divided scored adult tablets is feasible in HIV-1-infected children in resource-limited settings. Simplified scheduling might, in turn, lead to improved adherence or to maintenance of high adherence over long periods on first-line ART that will be necessary to maximize the benefits and durability of efficacy of ART, which is particularly important for children who will need lifelong therapy. The PENTA 13 and PENTA 15 studies showed that virological suppression was maintained over time after switching to once-daily dosing [14, 15] . In resourcelimited settings where viral load monitoring is generally not available, the risks and benefits of once-versus twice-daily lamivudine and abacavir will need further evaluation. We are therefore currently undertaking a larger longer-term randomized substudy within the ARROW Trial, including retrospective viral load measurements, to evaluate the efficacy of once-versus twice-daily lamivudine and abacavir. This trial will also be able to investigate the effect of all versus only part of the regimen being once daily on acceptability and adherence as children taking both efavirenz and nevirapine will be enrolled, with those taking nevirapine continuing to take this twice daily.
